Defect spins in silicon carbide have become promising platforms with respect to quantum information processing and quantum sensing. Indeed, the optically detected magnetic resonance (ODMR) of defect spins is the cornerstone of the applications. In this work, we systematically investigate the contrast and linewidth of laser-and microwave power-dependent ODMR with respect to ensemble-divacancy spins in silicon carbide at room temperature. The results suggest that magnetic field sensing sensitivity can be improved by a factor of 10 for the optimized laser and microwave power range. The experiment will be useful for the applications of silicon carbide defects in quantum information processing and ODMR-dependent quantum sensing.
INTRODUCTION
Defects in silicon carbide (SiC) are attractive solid-state quantum systems with respect to quantum photonics, quantum information, and quantum sensing [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . Since
SiC is widely used, its defects with respect to quantum technology are currently drawing a lot more attention [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . Accordingly, multiple bright single-photon emitters with visible and infrared (even telecom) wavelengths in SiC have been investigated for quantum photonics [6] [7] [8] [9] [10] . In addition, many researchers have proven that three types of defects (silicon vacancy, divacancy, and nitrogen vacancy center) spins can be controlled using laser and microwave (MW); moreover, they have shown great promise with respect to quantum information processing and quantum sensing [1] [2] [3] [4] [5] [11] [12] [13] [14] [15] [16] [17] .
In particular, due to their near-telecom fluorescence spectrum [1] [2] [3] 16 and long coherence time even at room temperature [1] [2] [3] 16, 18 , divacancy defects in SiC have realized high-fidelity quantum register 11 , spin-photon interface 16 , and quantum sensing, the latter of which includes magnetic field sensing 1,2 , electric field sensing 12 , broad-range temperature sensing 14, 15 , and strain sensing 13 .
For the majority of applications, the continuous-wave optically detected magnetic resonance (ODMR) of SiC defects is vital. In particular, the optimized ODMR signal is critical for high quantum-sensing sensitivity. For example, although we can detect temperature by using sensing-pulse sequencing 14, 15, 19 , temperature-dependent ODMR is used because it is a more direct method 14, 15, [20] [21] [22] . Moreover, although Ramsey methods can realize high sensitivity for direct current (DC) magnetic field sensing 23 , the simplest method is to directly measure the Zeeman splitting in the ODMR signal [24] [25] [26] [27] [28] [29] . In addition, for the DC strain and electric field sensing, the optimized ODMR signal is important with respect to achieving high sensitivity 12, 13 . Indeed, for the electron-nuclear spin quantum register, it is crucial to decrease the ODMR linewidth in order to identify strongly coupled electron-nuclear hybrid pairs 3, 11, 16 .
Moreover, since the ODMR contrast of SiC defects is only roughly 1%, it is important to optimize ODMR contrast in order to conveniently implement the experiments [1] [2] [3] [4] [5] . In light of those information, it is vital to optimize the ODMR signal of SiC defect spins， which have not been reported before.
In this work, we study the ODMR contrast and linewidth as a function of laser and MW power with respect to the PL6 divacancy-defect ensemble in 4H-SiC at room temperature. First, the coherent control of the PL6 defect spins in 4H-SiC is conducted at room temperature. Then, we study the laser-and MW-dependent ODMR contrast and linewidth of PL6 defects in 4H-SiC. Finally, we accurately measure the magnetic field by optimizing the laser and MW power. Indeed, the experiment will be useful for ODMR-dependent quantum sensing, including magnetic field and temperature sensing using technology-friendly SiC materials.
II. EXPERIMENT AND RESULTS
A commercially available bulk high-quality semi-insulating 4H-SiC (Cree) was used in the experiment 14, 15 . A homebuilt room-temperature confocal system combined with a MW system was used to polarize and control the divacancy-defect spin 14, 15 . A 920 nm laser was used to excite the sample through a 1.3 NA oil objective (Nikon).
The divacancy fluorescence (above 1,000 nm) was collected by a photoreceiver (Femto, OE-200-IN1, 1.1 kHz time constants) through a multimode fiber 1, 14 . A 50 μm diameter copper wire was used to radiate MW in order to control the defect spins.
During the experiment, we used a lock-in method (20-Hz modulated, SR830 Lock-In Amplifier) to read out the signal 1, 14, 30 and an electromagnet to generate an c-axis magnetic field (perpendicular to the sample surface).
The neutral divacancy defects in 4H-SiC are composed of adjacent carbon and silicon vacancies. There are seven types (PL1-7) of divacancy defects in 4H-SiC.
Among these defects, PL1, (2, 6) are c-axis divacancy defects while the PL3, (4, 5, 7) are basal divacancy defects. In this work, we focus on the c-axis PL6 defects, which are identified by the magnetic field-dependent ODMR signal. The defects exhibit spin-1 ground states, which can be controlled at room temperature. The ground-state spin Hamiltonian of the divacancy defects is
where D and E denote the axially symmetric (Z) and anisotropic (X and Y) components of the zero-field-splitting (ZFS) parameter, respectively, resulting in two zero-field resonant frequencies defined by (D ± E) 1, 2, 14 . g = 2 is the electron g-factor, µB denotes the Bohr magneton, B denotes the applied axial static magnetic field, S with the three components Sz, Sx and Sy denotes the vector of electronic S = 1 spin matrices. When the spin in the ground state is excited by a resonant MW field, there will be a change in the fluorescence emission intensity (ODMR). 14 and the count of a single divacancy defect 16 , the divacancy density in our sample was (1.00 ± 0.02) × 10 3 μm -3 , which is similar to the previous results 14 . The MW scanning at zero magnetic field is shown in Fig. 1 , which is shown in Fig. 2(c) . Following this, we studied the laser-and MW-dependent ODMR signals of the PL6
defects. The linewidth of the ODMR spectrum was fundamentally limited by the inhomogeneous dephasing time T2 * of the PL6 spin defects 24, 25 . T2 * was determined by the magnetic dipolar interactions between the PL6 electron spin and the impurities spin bath (including the 29 Si (4.7%, ISi = 1/2) and 13 C (1.1%, IC = 1/2) nuclear spins) 18, 31 . Moreover, the laser-and MW-dependent power broadening also had an effect on the ODMR linewidth. In order to achieve high sensitivity with respect to ODMR-dependent quantum sensing, the ODMR signal should be narrow and of a high contrast. Accordingly, we studied ODMR contrast and linewidth as functions of laser power and Rabi frequency representing the MW power. Fig. 3(a) We can see three obvious ODMR peaks; the strong center peaks correspond to the PL6 electron spin signals that were not strongly coupled to any nuclear spins.
Inferring from the fit, the contrast was 0.29 % and the linewidth was 2.02 ± 0.06 MHz.
The pronounced doublet was due to the strong hyperfine coupling (9.8 ± 0.2 MHz) between some PL6 electron spins and 29 Si nuclear spins, which is similar to the previous results 11 . Therefore, if we want to observe strongly coupled electron-nuclear spin pairs, it is important to decrease the ODMR linewidth 11 . Fig. 3 We systematically studied the contrast and linewidth of laser-and MW power-dependent ODMR. Fig. 4(a) summarizes the dependence of ODMR contrast with laser power. For all three different MW powers, the contrast decreases as the laser power increases. In particular, for a Rabi frequency of 2.94 MHz, the ODMR contrast decreases from 2.19 % to 1.05 % as the laser power increases from 0.3 mW/μm 2 to 4 mW/μm 2 . The ODMR contrast slightly decreases when the laser power increases from 0.3 mW/μm 2 to 4 mW/μm 2 , while, when the laser increases from 4 mW/μm 2 to 20 mW/μm 2 , the contrast decreases rapidly. The ODMR linewidth (measured as FWHM), as a function of laser power, at three different MW powers is presented in Fig. 4(b) . The ODMR linewidth only slightly increases as the laser power increases, which is significantly smaller than that of the nitrogen vacancy center in diamond 24 . The ODMR contrast, as a function of Rabi frequency, with three different laser powers is shown in Fig. 4(c) , from which it is evident that contrast increases as the Rabi frequency increases and that the maximum has a saturation value of 2.3 ± 0.1 %. Fig. 4(d) shows the ODMR linewidth at three different laser powers as a function of Rabi frequency. The linewidth slowly increases when the Rabi frequency is below 1 MHz. However, the linewidth rapidly increases when the Rabi frequency is larger than 1 MHz. This is due to the superimposition of the center peaks and the hyperfine coupled 29 Si-induced doublets. , where h is the Planck constant, R is the rate of detected photons, C is the contrast of the ODMR, and   is the ODMR width [23] [24] [25] [26] [27] [28] [29] . Fig. 5 shows the contour plot of sensitivity as a function of laser and MW power.
In the experiment, we used 121 ( As a preliminary experiment of direct magnetic field sensing, we used a Helmholtz coil to generate an additional c-axis magnetic field. First, we measured the ODMR as a function of a larger electric current in order to calibrate the magnetic field generated by the Helmholtz coil. In the experiment, we used 4 mW/μm 2 laser pumping and a Rabi frequency of 1.51 MHz MW to measure the ODMR signals, thereby obtaining the optimized magnetic sensitivity. Two ODMR measurements (without (black) and with the magnetic field (red, 1.74 G)) are shown in Fig. 5(b) . Fig. 5(c) shows the ODMR resonant frequency as a function of large magnetic fields (Helmholtz coil).
The slope is 2.83 ± 0.02 MHz/G, which suggests that the magnetic field is along the c-axis. Following this, we measured small magnetic fields using the ODMR spectrum of the divacancy defects. Futhermore, the magnetic field can also be measured by Ramsey method, and the corresponding magnetic field sensitivity is calculated as pumping and a Rabi frequency of 1.5 MHz the corresponding counts (R) and contrast (C) are 14 Mcps and 1.45%, respectively. The sensitivity is (280 ± 15) n / z TH which is almost 14 times smaller than the optimized ODMR sensitivity. Indeed, combined with a high concentration of defects 2, 30 as well as efficient detection methods, including solid immersion lenses 5 , nanopillars 7 , and photonic crystal cavities 8, 9 , the magnetic field sensitivity can increase significantly.
III. CONCLUSIONS
In this work, we investigated the laser and MW power-broadening ODMR spectra of PL6 divacancy-defect spins at room temperature under a small c-axis magnetic field.
The results suggest that both ODMR linewidth and contrast increase as the MW power increases. Moreover, the ODMR linewidth also increases as the laser power increases, while the ODMR contrast decreases as the laser power decreases. Based on this, we also summarized the DC magnetic field sensitivities using the experimental ODMR signals with different laser and MW powers, improving the magnetic fields sensing sensitivity by a factor of 10 for the optimized laser and microwave power range. Indeed, the results pave the way for the application of technology-friendly SiC defect spins using ODMR signals with respect to quantum information processing and high sensitivity quantum sensing.
